Abstract -The honeybee is one of several eusocial species with a complex set of anatomical, physiological, and behavioural traits that are correlated with foraging preferences. Sensory sensitivity to sucrose is associated with the foraging preferences of workers, with individuals that are less sensitive to sugar preferring to forage for nectar and those that are highly sensitive to sucrose preferring to forage for pollen. In this study, we test this hypothesis by comparing the sucrose responsiveness of genetically similar normal and rebel honeybee workers, which present different foraging preferences. We found that rebels, which prefer to forage for nectar and have a higher reproductive potential than normal workers, are characterised by sucrose sensitivity that is lower than that of normal workers. Moreover, we show that in both rebel and normal workers, sensitivity to sugar in nectar is lower in workers when their ovaries contain more ovarioles. The results confirm the prediction that bees present a foraging preference depending on their response thresholds to sucrose in solution. However, compared with previous studies, our investigation does not support the assumption that reproductive workers are more sensitive to sucrose concentrations in nectar.
INTRODUCTION
Social insects provide some of the most fam i l i a r a n d s p e c t a c u l a r e x a m p l e s o f polyphenism, where two or more distinct phenotypes are produced by the same genotype (Nijhout 2003; Simpson et al. 2011; Sultan 2000) . The processes underlying reproductive and nonreproductive caste polymorphism in eusocial insects are best understood in the honeybee (Apis mellifera ) (Cristino et al. 2006; Leimar et al. 2012; Schwander et al. 2010) . The expression of the queen or worker phenotype mainly depends on larval nutrition. Small and facultatively sterile workers develop from larvae that were fed small amounts of royal jelly, while large and reproductive queens develop from larvae that were fed large amounts of royal jelly (Winston 1987) . The quantity and quality of food provided at the larval stages affect DNA methylation (Kucharski et al. 2008; Elango et al. 2009 ), gene expression (Corona et al. 1999; Evans and Wheeler 2001) , the haemolymph protein composition (Randolt et al. 2008; Begna et al. 2012) , and juvenile hormone titres (Barchuk et al. 2002 (Barchuk et al. , 2004 .
Polyphenism in honeybees is not limited to queen and worker caste determination. Previous studies showed that worker honeybees display a suite of behavioural traits, including the onset of foraging, learning performance, locomotor performance, and sucrose sensitivity, that are correlated with foraging preferences (Tsuruda et al. 2008; Tsuruda and Page 2009) . Sucrose sensitivity, which is a measure of gustatory responsiveness, is an especially interesting trait that demonstrates significant correlations with many anatomical, physiological and behavioural traits (Tsuruda et al. 2008; Tsuruda and Page 2009 ). The importance of sucrose sensitivity is clear considering that sucrose is the main carbohydrate source for honeybees, provided by plants as a reward for foragers, and that foraging bees can make the decision to collect nectar based on its sugar concentration. Measurements of sucrose sensitivity are simple to perform and are based on the proboscis extension response (PER). Bees extend their proboscis when a droplet of sucrose solution touches the antennae; therefore, it is possible to measure sucrose sensitivity by using a series of increasing concentrations of sucrose solution (Tsuruda et al. 2008; Tsuruda and Page 2009) . Previous studies demonstrated that responses to sucrose vary among bees differing in task specialisation, age, foraging preferences and selection lines. The general pattern is that bees responding to lower concentrations of sucrose are more likely to become pollen foragers than nectar foragers (Pankiw and Page Jr 2000; Pankiw et al. 2001) . Moreover, previous studies have shown that these foraging behaviours and PERs are associated with ovary size, such that workers with larger ovaries are more likely to collect pollen than are bees with smaller ovaries, which prefer foraging for nectar (Scheiner et al. 2001; Tsuruda et al. 2008) .
A sub-caste of honeybee workers called 'rebel workers' was recently discovered, and these workers provide a good opportunity to investigate polyphenism and the PER because these individuals differ from normal workers in reproductive as well as foraging and behavioural traits (Woyciechowski and Kuszewska 2012; Kuszewska et al. 2018a ). These rebel workers differ anatomically from normal individuals as follows: they have more ovarioles in the ovary, larger mandibular and Dufour's glands and underd e v e l o p e d h y p o p h a r y n g e a l g l a n d s (Woyciechowski and Kuszewska 2012; Kuszewska and Woyciechowski 2015) . The development of rebel workers is directly connected with the absence of the queen in the nest (Woyciechowski and Kuszewska 2012 ) and absence queen's mandibular gland pheromone ) during the unsealed larva stage of workers, which naturally occurs after swarming which is the only natural method of colony multiplication (Winston 1987) . Larvae orphaned by four or more days change their life strategy and develop into rebel workers (Kuszewska and Woyciechowski 2015) . The evolutionary explanation for this life strategy of honeybee workers is based on the assumption of inclusive fitness theory (Hamilton 1964) and connected with the dramatic drop in relatedness between old-generation workers and the new queen's offspring (Woyciechowski and Kuszewska 2012) . Subsequent research has shown that rebel workers are also characterised by longer lives , and they initiate foraging trips later than normal workers. Moreover, they usually prefer to collect nectar over pollen, and the nectar they collect is of higher volume and more concentrated than is the nectar collected by normal workers (Kuszewska et al. 2018a ). According to the results of previous studies (Tsuruda et al. 2008) , the higher reproductive potential of rebel workers suggests that these workers should be more sensitive to sucrose concentration, but their foraging preferences yield the opposite expectation. Therefore, the aim of the present study was to examine whether rebel workers differ from normal workers in sucrose sensitivity and whether they are more or less sensitive to sugar. Additionally, we tested how ovary size is associated with sucrose sensitivity both between the two groups of workers (rebel and normal workers) as well as within each group.
MATERIALS AND METHODS
We performed our experiments in May and June 2015 in an experimental apiary at the Institute of Environmental Sciences of Jagiellonian University. Five queenright honeybee (A. m. carnica ) colonies were studied, each consisting of 20,000-40,000 workers. The colonies were randomly selected for the experiments, and the queens, which were not r e l a t e d t o e a c h o t h e r, w e r e n a t u r a l l y inseminated during nuptial flight. A breeding program with the selected lines was not implemented in this experimental apiary. All colonies were treated in the same way, and the experimental design was previously described by Woyciechowski and Kuszewska (2012) as well as in other papers (i.a. Kuszewska et al. 2017 Kuszewska et al. , 2018b Woyciechowski et al. 2017) . At the beginning of the experiment, the queen was restricted to two experimental frames to produce eggs of a similar age (day 0). Next, the colony was divided into queenright and queenless subunits, and each subunit was contained in one experimental frame (day 3). When all of the worker cells in the experimental frames were sealed (day 12), the subunits were merged, which is why the experimental broods experienced the same conditions during their prepupal and pupal stages. Before the first adult workers emerged (day 21), all the experimental frames were placed in an incubator in the laboratory (34°C, 90% RH). The workers were marked on the thorax with a spot of paint (Marabu-Brilliant Painter; with 200 from each group and colony marked) and returned to their native colonies. When the marked workers were 7 days old, 50 workers were captured from each group (reared as larvae in the queenright and queenless subunits). The recaptured workers were subjected to an experiment that tested their sucrose responsiveness. Gustatory responsiveness, i.e., responsiveness to water and sucrose solutions of different concentrations, was measured using the methods describe previously by (Tsuruda et al. 2008; Tsuruda and Page 2009; Scheiner et al. 2013 ). The bees (50 from each group) were placed individually into cylindrical mesh cages. Each bee was chilled in a refrigerator until the first signs of immobility and mounted in a small tube secured with strips of adhesive tape between the head and thorax and over the abdomen. After recovery, each bee was fed up to 10 ml of 10% sucrose to control for hunger. If a bee was not hungry, it was removed from the test (number of bees per group: colony 1-normal workers: 43, rebel workers: 34; colony 2-normal workers: 46, rebel workers: 35; colony 3-normal workers: 15, rebel workers: 27; colony 4-normal workers: 43, rebel workers: 47; colony 5-normal workers: 49, rebel workers: 48). Next, the bees were assayed for the PER by touching the antennae with a droplet of sucrose solution or water using the techniques described in Tsuruda et al. (2008) . Testing began 30-45 min after the last bee in each group was fed. Bees were assayed using water (0%) followed by a concentration series of 0.1, 0.3, 1, 3, 10, 30 and 50% sucrose by weight, corresponding to a logarithmic series of − 1, − 0.5, 0, 0.5, 1, 1.5 and 1.7. All bees were lined up, and each bee was tested once at each of the concentrations in sequential order, i.e., all bees were tested at 0.1% first, and then all were tested at 0.3%. Prior to each sucrose stimulation, we applied water to the antennae to test for water responsiveness as a control. The interstimulus interval was approximately 5 min. Each bee was observed to 'respond' by fully extending its proboscis when a drop of water or sucrose touched each antenna. The assigned response scores (GRS) ranged from 0 (no response to any concentration) to 8 (response to all concentrations). In the next step, all tested bees were frozen pending organ dissection.
We dissected the hypopharyngeal glands (HPGs) and ovarioles of the frozen workers and examined them under a stereomicroscope. The size of each HPG was calculated from the average size of ten acini, which are saclike dilations that compose the compound HPG (square root of the longest × shortest diameters of five right-gland and five left-gland acini). We also counted the ovarioles in both ovaries (sum) and evaluated ovary development (Woyciechowski and Kuszewska 2012; Kuszewska and Woyciechowski 2015) .
Mixed model two-way ANOVAs were used to compare the parameters (ovariole number and hypopharyngeal gland size) between rebel and normal workers, with the experimental group (reared in queenright or queenless conditions) as a fixed effect and colony as a random effect. According to a previous study by Tsuruda et al. (2008) , we assigned the rebel and normal bees to two groups categorised by low responsiveness (GRS, 0-3) and high responsiveness (GRS, (4) (5) (6) (7) (8) to sucrose. The differences were estimated using a nonparametric Wilcoxon matched pair test for normal and rebel workers originating from the same colony. Moreover, to estimate the association between ovariole number and GRS in groups of normal and rebel workers from each colony, we used linear regression. All calculations were done with STATISTICA 13.0.
RESULTS
Similar to previous studies (Woyciechowski and Kuszewska 2012; Kuszewska and Woyciechowski 2015; Woyciechowski et al. 2017) , we found that the workers that developed under queenless conditions had more ovarioles ( Figure 1a ; Table S1a ) and smaller hypopharyngeal glands (Figure 1b ; Table S1b ) than workers that developed under queenright conditions, confirming that we successfully obtained both normal and rebel workers. Subsequently, we examined the association between ovary size and sucrose responsiveness in 7-dayold normal and rebel workers. We found that rebel workers characterised by higher numbers of ovarioles in the ovary were more likely to respond to higher concentrations of sucrose (GRS, 0-3) than were normal workers, of which more individuals responded to lower sucrose concentrations (GRS, 4-8, Figure 2 ; Table S2 ). Moreover, we found that in each colony and each group (normal and rebel workers), the workers with high Honeybee rebel workers preferentially respond to high concentrations of sucrose sucrose responsiveness (GRS, 4-8) were characterised by a lower number of ovarioles than were those with low sucrose responsiveness (GRS, 0-3; Figure 3 ). Gustatory responsive score (GRS) Fig. 3 . Relationship between the number of ovarioles and gustatory responsive score in normal (empty circle and dotted black line) and rebel workers (full grey circle and grey line) from five tested colonies. Linear regression. Colony 1: normal workers, β = − 0.256, R 2 = 0.3108, F 1,41 = 18.496, P < 0.001; rebel workers, β = − 0.586, R 2 = 0.497, F 1,32 = 31.607, P < 0.001. Colony 2: normal workers, β = − 0.2123, R 2 = 0.272, F 1,44 = 16.405, P < 0.001; rebel workers, β = − 0.4995, R 2 = 0.276, F 1,43 = 16.393, P < 0.001. Colony 3: normal workers, β = − 1.381, R 2 = 0.219, F 1,13 = 25.886, P < 0.001; rebel workers, β = − 0.415, R 2 = 0.322, F 1,25 = 11.873, P = 0.002. Colony 4: normal workers, β = − 0.334, R 2 =0.374, F 1,41 = 24.545, P < 0.001; rebel workers, β = − 0.416, R 2 = 0.329, F 1,45 = 22.094, P < 0.001. Colony 5: normal workers, β = − 0.299, R 2 = 0.394, F 1,47 = 30.551, P < 0.001; rebel workers, β = − 0.299, R 2 = 0.192, F 1,46 = 30.551, P = 0.002.
DISCUSSION
As we predicted, our results showed that rebel workers, which prefer to collect nectar over pollen and start foraging later in life than normal workers (Kuszewska et al. 2018a ), respond to higher sucrose concentrations than do normal workers. This result is in accordance with previous studies that found that nectar foragers respond to higher sucrose concentrations compared with pollen foragers (Pankiw and Page Jr 2000; Pankiw et al. 2001) . Bees with high sucrose responsiveness (i.e., pollen foragers) also initiate foraging earlier in life than do those that are less responsive to sucrose (i.e., nectar foragers), and the former have been shown to collect nectar with lower sugar concentrations (Tsuruda and Page 2009 ). Moreover, studies have shown that among nectar foragers, the individuals that are more responsive to sucrose collect nectar of sugar concentrations lower than those of nectar collected by individuals that respond preferentially to higher concentrations (Pankiw et al. 2001; Pankiw 2003) . Because the sucrose responsiveness of young bees is correlated with their foraging behaviour in the future (Pankiw and Page Jr 2000) , this connection between sucrose responsiveness and foraging behaviour could have evolved as a protective adaptation against collecting poor-quality nectar (Scheiner et al. 2004) . Our results are consistent with this suggestion because rebels that are less sensitive to sucrose in solution prefer to collect nectar with higher sucrose concentrations (Kuszewska et al. 2018a) .
The physiological basis for the correlation between sucrose responsiveness and foraging behaviour remains unclear. It has been suggested that this correlation is a consequence of changes in the titres of vitellogenin (Tsuruda et al. 2008) , which is a conserved yolk precursor protein. The level of vitellogenin in the bee body is directly related to the number of ovarioles in the ovary, and it is also believed that vitellogenin titres are connected with foraging preferences. These connections among physiology, foraging preferences, reproductive potential of workers and their sucrose responsiveness is referred to as the reproductive ground plan hypothesis (RGPH) (Amdam and Norberg 2004; Amdam et al. 2006; Nelson et al. 2007 ). According to the RGPH, workers with higher numbers of ovarioles in their ovaries, a characteristic associated with increased productivity, initiate foraging earlier in life, are more likely to present a bias in foraging towards high-protein types of food (e.g., pollen in bees), and are more sucrose sensitive compared with workers with fewer ovarioles Siegel et al. 2012; Ihle et al. 2014) . Previous studies of two honeybee lines selected for high and low pollen hoarding have confirmed this suggestion by showing that high pollen hoarding bees with more ovarioles in their ovaries not only prefer to collect pollen but are also more sensitive to sucrose than bees with fewer ovarioles (Pankiw et al. 2001; Amdam and Norberg 2004; Scheiner et al. 2004; Amdam et al. 2006; Tsuruda et al. 2008 ). However, other research has focused on a strain of anarchistic bees (a strain selected for abnormal reproductive behaviour) showed a weakness in the RGPH because more reproductive anarchistic bees failed to show a bias towards collecting pollen (Oldroyd and Beekman 2008) . Our results also suggest flaws in the RGPH, and although they indicate that foraging preferences are connected with sucrose sensitivity, the relationship between ovarioles and sucrose sensitivity was inconsistent with the predictions of the RGPH because rebel workers, which are characterised by more ovarioles, are less sensitive to sucrose concentrations in nectar than normal workers (Figure 2) . Moreover, we also showed that sensitivity to sucrose was negatively correlated with the number of ovarioles in every tested group (normal and rebel workers in five colonies; Figure 3 ). This result suggests that the relationship between ovariole number and sucrose responsiveness is not as simple as previously thought and that there is likely another physiological mechanism that influences the relationship between foraging behaviour and sucrose sensitivity (Kuszewska et al. 2018a) .
In summary, our results support the hypothesis that sensory responses to sucrose concentration are correlated with the foraging behaviour of bees. Individuals with higher sucrose sensitivity prefer to forage for pollen, whereas bees with lower sensitivity prefer to forage for nectar. Moreover, we showed that although the physiological relationships between reproductive potential and sucrose responsiveness and between reproductive potential and foraging preferences are unclear, they may depend on many factors, such as environmental conditions or genetics.
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